Summary. Monoclonal antibodies specific for three major plasma membrane (PM) proteins, previously referenced as PM protein 2\m=.\0, 4\m=.\85and 5\m=.\0, and one specific for an unreferenced PM protein (Mr 80 000) were used with indirect fluorescence microscopy to detect the effects of capacitation on the localization of these PM proteins. In ejaculated or cauda spermatozoa, incubation in the capacitating medium caused the appearance of fluorescence in the flagellum and either a loss of fluorescence on the PM overlying the sperm head (PM proteins of 5\m=.\0and Mr 80 000) or a delocalization of fluorescence on the head PM (PM proteins 2\ m=. \ 0 and 4\m=.\85).Labelling spermatozoa with divalent antibody and then capacitating them indicated the PM protein 5\m=.\0and that of Mr 80 000 migrated out of the head plasma membrane into the flagellar PM during capacitation. These antigens re-entered the head PM when fresh seminal plasma was added after the capacitation period or when energy metabolism was inhibited by azide. Cytochalasin D, an inhibitor of the polymerization of actin, prevented movement of PM protein 5\ m=. \ 0 and that of Mr 80 000 of the head PM into the flagellum during incubation in the capacitation medium and prevented re-entry of these antigens from the flagellum into the head PM after incubation in this medium. Localization changes occurring with capacitation were time-dependent but independent of the method of preparing samples for microscopy. For the major PM proteins 4\m=.\85and 5\m=.\0, a much smaller percentage of caput spermatozoa (\m=~\20%) showed specific localization changes compared to those of the cauda ( \m=~\ 80%). Chelation of Ca2+ inhibited these changes in ejaculated spermatozoa and fresh seminal plasma, added to capacitated spermatozoa, restored the localization pattern characteristic of uncapacitated spermatozoa. These observations suggest that the organization of major proteins in the plasma membrane overlying the sperm head is altered during capacitation. These changes are reversible, are dependent on sperm maturation and also appear to involve actin filament interactions with the plasma membrane.
Introduction
The boar spermatozoon has been developed as a useful model for the characterization of sperm surface molecules since sperm plasma membranes and plasma membrane proteins (PMPs) can be obtained in large quantities (Gillis, Hook, Peterson, Russell & Freund, 1978; Peterson, Russell, Bundman & Freund, 1980; Russell, Peterson & Russell, 1983b;  Kaplan, Russell, Peterson & Martan, 1984; Hunt et al., 1985; . The development of methods to capacitate boar spermatozoa in vitro (Nagai, Niwa & Iritani, 1984; Cheng, Moor & Polge, 1986) has increased the usefulness of this model since it is now possible to describe the origin, organization and function of referenced PMPs (Russell, Peterson, Russell & Hunt, 1983a; & Peterson, 1986a; Saxena et al., 1986b) . In this report we describe the use of pig oocytes matured in vitro to study fertilization in this species and monoclonal antibody tags to major boar sperm PMPs to describe changes in surface organization that appear to accompany capacitation.
Materials and Methods
Collection of spermatozoa and sperm plasma membranes. Spermatozoa were collected from the caput and cauda epididymidis of freshly slaughtered boars (Russell, Peterson, Hunt & Strack, 1984) . Cauda spermatozoa are initially immotile but the percentage motility increases to more than 90% after dilution in a Hepes buffer . This buffer (designated in the text as Hepes-BSA) contained the following constituents (mM): sodium [/V-2-hydroxypiperazine]-/V-ethane sulphonate (Hepes) (20); NaCl (95); K2HP04 (1); sucrose (60); MgCl2 (1); CaCl2 (1-5); glucose (5); sodium pyruvate (5); bovine serum albumin (Sigma, St Louis, MO; RIA grade, 5 mg/ml). The pH was 7-4. Motile spermatozoa showed vigorous forward progression. Caput spermatozoa were also immotile when isolated but in the presence of caffeine (10 mM) developed a circular swimming pattern. These criteria were used to establish the viability of isolated cells used in localization experiments. In these experiments spermatozoa were used directly (without caffeine). Ejaculated spermatozoa (sperm-rich semen fraction) were obtained as described earlier (Gillis et al., 1978) . Seminal plasma was obtained from semen samples collected in the presence of the antiprotease phenylmethylsulphonyl fluoride (PMSF, 0-2 mM). Seminal plasma was separated from spermatozoa by centrifuging semen twice at low speed ( 1500 g) and then centrifuging the supernatant in an air fuge (100 000/», 10 min). Plasma membrane vesicles were prepared by nitrogen cavitation as described previously (Peterson et al., 1980) . These earlier studies and those of Kaplan et al. (1984) have established the purity of these vesicles.
Preparation of monoclonal antibodies. The antibodies used for this study were prepared from PM vesicles and isolated PM proteins as described by Saxena et al. (1986a) . Antibodies, expressed in ascites fluid, were used in localization studies. ELISA assays, carried out as described by Saxena et al. (1986b) , showed that all monoclonal antibodies used in this study had end points (mid-points of titration curves) at least 500-fold greater in dilution than controls (non-sperm specific ascites). Each monoclonal antibody reacted to a unique species in one-and two-dimensional Western blots of PM proteins transferred to nitrocellulose.
Fluorescence labelling assays. Indirect fluorescence labelling of fixed and live cells was carried out also as described by Saxena et al. (1986a) . Ascites fluid containing the monoclonal antibody was used as primary antibody. Biotinylated goat anti-mouse IgG was used as secondary antibody and third-layer labelling used avidin-conjugated fluorescein isothiocyanate. As described by Saxena et al. (1986a) , experiments were carried out using different methods of specimen preparation to minimize labelling artefacts. Cells were directly fixed with 3% paraformaldehyde before labelling. Patterns obtained in this manner were compared with cells incubated live with primary antibody and then fixed with cells after addition of secondary antibody. In turn each treatment was carried out at 4 and at 37°C (see Saxena et al., 1986a) . Other controls (omission of primary antibody, omission of secondary antibody) are also described by Saxena et al. (1986a) .
Capacitation and fertilization in vitro. Ejaculated boar spermatozoa were capacitated according to the method described by Cheng et al. (1986) . Semen was diluted 1:1 (v/v) in Hepes-BSA and centrifuged; spermatozoa were washed twice (1000 g) in this buffer before being suspended in tissue culture medium 199 (TCM 199; Gibco, NY) containing Earl's salts and glutamine. Sodium bicar¬ bonate (2-2 g/1) was added and the pH was 7-4. After two washes in this medium (centrifugation at 1000^a nd resuspension in the same medium), the pellet was resuspended in supplemented TCM 199 to a sperm concentration of 2 IO8 cells per ml. The complete medium contained the following constituents: 88 ml TCM 199; 12 ml fetal calf serum (Gibco); 2-3 g bovine serum albumin (Sigma, RIA grade); 2-9 mM-calcium lactate; lOmM-Hepes; 7-5 mg penicillin G; and 5mg streptomycin. The pH was 7-8. For some experiments the calcium lactate was replaced by 2-9 mM-EGTA. Salt solutions were sterilized by filtration through 0-45 urn (Peterson et al., 1981) . Ejaculated spermatozoa (5 108 cells) were washed three times in PBS and resuspended in Hepes-BSA. Spermatozoa were sonicated at ice-bath temperature for 2 min (15 sec intervals at maximum power; Branson Sonifier) and then centrifuged at 12 000 g (Eppendorf). The supernatant was removed and sterilized by Millipore filtration. Oocytes that had been incubated with spermatozoa were washed once in PBS and added to 50 µ of the 'stop solution'. After 20 min, the oocytes were washed twice in PBS before being placed again in supplemented TCM 199 to complete the 48 h fertilization interval. Spermatozoa bound to eggs were removed by this treatment and fresh spermatozoa failed to bind to the eggs which still were viable as described in the text.
Preparation of monoclonal antibodies. Monoclonal antibodies were prepared as previously described (Saxena et ai, 1986a; Hunt et al., 1985) . Western blot assays from two-dimensional PAGE gels were used to determine the specificity of these antibodies.
Three of the monoclonal antibodies used were directed against PM proteins that have been referenced in two-dimensional surface maps of the boar spermatozoon (Russell et al., 1983a is obvious from this photograph.
In Fig. 1 (Fig. 3) . The PM proteins are referenced according to Russell et al. (1983a) . Antibody 3D3 has been shown to be specific for a PM protein with a molecular weight near 80 000 but has not been referenced in two-dimensional PAGE surface maps. Earlier studies (Russell, Montag, Hunt & Peterson, 1985) (Fig. 4c) .
Localization changes occurring with antibody 3D3 (against the protein of Mr 80 000) were similar to those for antibody 5D7 and after 4 h most spermatozoa had lost fluorescence over most of the sperm head PM, and fluorescence appeared only on the flagellar PM, but a few spermatozoa showed whole cell fluorescence (Fig. 4d) . This change was almost completely inhibited by the presence of EGTA (Fig. 4f) . In all cases the changes described were not affected by the manner in which cells were prepared for fluorescence assay. Similar patterns were observed when cells were prefixed before labelling or when cells were labelled first with primary antibody and then fixed. Patterns were also unaffected by varying the concentration of primary antibody (1:20-1:500). These localization changes did not occur in PBS which failed to capacitate spermatozoa.
Antibodies 4D10 and 1F3 (against PM proteins 20 and 4-85) showed a less striking variation during incubation in capacitation buffer. A patchy, dull fluorescence, initially observed with anti¬ body 4D10 on the PM overlying the head, gradually changed during the capacitation period to a pattern in which, for many cells, fluorescence in the principal segment was observed only on the edges of the head PM (Fig. 4h) . This change occurred to a much smaller extent when EGTA was used to chelate calcium (Fig. 4i) . The fluorescence pattern with antibody 1F3 initially showed localization over the anterior region of the head PM; this pattern gradually changed during the capacitation period to a patchy fluorescence and the appearance of fluorescence in the fiagellum (Fig. 4k, 1) . Patchy fluorescence in the head PM was not observed in the absence of calcium (Fig. 4m) . Fig. 4(k) . spermatozoa is easily discerned (a, c, arrows). Fresh seminal plasma was added to 'capacitated' spermatozoa, and incubation was continued for another 2 h before fixation and labelling.
Localization changes in epididymal spermatozoa
When epididymal spermatozoa were incubated in capacitating medium quantitative differences in fluorescence pattern changes between caput and cauda spermatozoa were observed. This was most apparent for antibody 5D7 as shown in Fig. 5(a-d) . Cauda spermatozoa which readily fertilize eggs in vitro when capacitated in TCM 199 (E. J. C. Polge, personal communication) showed pattern changes similar to those for ejaculated spermatozoa after capacitation for 4 h (Fig. 5d) . The presence of calcium was not as critical to this change as in ejaculated spermatozoa and fluorescence patterns changed rapidly in the presence of EGTA. Strikingly, only a minority of caput spermatozoa (~20%) showed a loss of sperm head PM fluorescence during the incubation regardless of the presence or absence of calcium (Fig. 5b) . Caput spermatozoa have been shown to fertilize superovulated eggs at very low efficiency compared to cauda spermatozoa (Holtz & Smidt, 1976 (Fig. 5d, arrows) and for both antibodies fewer caput spermatozoa show characteristic pattern changes compared to cauda spermatozoa. The patchy fluorescence which develops on cauda PM incubated with antibody 1F3 is also shown in the enlarged photograph (Fig. 5i) . seen over most of the head PM. This change also occurred in a smaller percentage of caput spermatozoa (Fig. 5e-i ).
Reversal offluorescence changes by seminal plasma When fresh seminal plasma was added to spermatozoa capacitated in TCM 199, patterns observed before capacitation were restored for each of the four antibodies used (see Fig. 6a, b; 6c, d ). Only fresh seminal plasma restored the patterns; when seminal plasma was denatured by boiling, fluorescence patterns did not change. These observations were interpreted to mean that either seminal plasma proteins restored antibody accessibility to antigenic sites that became masked during capacitation, or that antigens present in the head PM changed location during capacitation. Since the loss of fluorescence on the PM overlying the entire sperm head was the most striking change observed with the monoclonal antibodies used, we attempted to determine whether incubation in TCM 199 was masking the antigenic sites in the sperm head PM or whether antigens were migrating out of the head PM. To do this, live spermatozoa were first labelled with antibody 5D7 or antibody 3D3, washed and then incubated in TCM 199 for 4h. When these cells were subsequently fixed and labelled with secondary antibody, most fluorescence was observed only in the fiagellum (Fig. 7) , indicating that the antibodies (and the antigen bound to them) had migrated out of the sperm head (Fig. 7b, e) where they were first located. Furthermore, when fresh seminal plasma was added to these 'capacitated cells', fluorescence again appeared in the head PM (Fig. 7c, f) indicating that antigen-antibody complexes had migrated back into the head region. Antigen migration into and out of the head PM appeared to depend, at least in part, on energy metabolism since brief incubation in NaN3 (30 min) of spermatozoa tagged with antibody 5D7 or 3D3 and capacitated also resulted in the migration of antigen-antibody complexes back into head PM (Fig. 7a, d) . PM protein 5-0 (antibody 5D7) is a major integral membrane protein and removal of integral head membrane proteins may be a prominent feature of capacitation (see below).
Effect of cytochalasin D on M protein 5-0 movement during capacitation Cytochalasin D completely blocked the change of fluorescence localization observed for PM protein 50 and that of M, 80 000 during capacitation (Fig. 8a, b; 8c, d ). More strikingly, antigens that had migrated into the tail after incubation in capacitation medium were prevented from migrating back into the head when seminal plasma was added in the presence of this antagonist of actin polymerization (Fig. 8e-h ).
Discussion
The use of eggs matured in vitro, as described in this report, has the advantage that many eggs can be used in a single experiment. About 50% of the eggs selected were viable up to 48 h after maturation and, of these, nearly 60% were penetrated by capacitated spermatozoa. The use of Hoechst-trypan stain in conjunction with a sperm extract to remove an excess number of bound spermatozoa shortened the time required to fix and stain eggs for microscopic examination. Eggs can be examined within a few hours after the end of an experiment compared to the several days required with older alcohol-acetic acid-acetorcein staining procedures (Polge & Dziuk, 1965) . The nature of the components in the sperm extract used to prevent additional binding of spermatozoa to the zona or to remove excess spermatozoa from the surface of the zona has not been determined but the extract probably consists primarily of hydrolytic enzymes from the acrosome. Binding sites for sperm attachment to the zona appear to be removed by this extract, but for the period of incubation used in these experiments, eggs remained viable. Previously, we had shown by scanning electron microscopy that such sperm extracts modify the structure of the zona pellucida (Russell, Peterson & Freund, 1979) .
Under the conditions of capacitation described in the report, the location of 4 surface antigens (3 of which are located on major plasma membrane proteins) is markedly changed. A relationship between these pattern changes and capacitation is suggested by the following observations. (1) Patterns changed gradually and were stabilized after a period in which the percentage fertilization and activated motility was maximum. (2) Similar localization changes were not observed in PBS which failed to capacitate spermatozoa. (3) Pattern changes were the same for cauda and ejaculated spermatozoa which fertilize eggs with a high efficiency in vitro (this paper) and in vivo (Holtz & Smidt, 1976) , but only a small percentage of caput spermatozoa, which fertilize eggs with a low efficiency in vivo, and which fail to bind to eggs in vitro (Peterson et ai, 1984) (Friend, Perrelet, Orci & Yanagimachi, 1977) .
Incubation in capacitating buffer exposes antigenic sites on the fiagellum, and, at least for the monoclonal antibodies used in this study, no other changes in specific regions of the fiagellum were observed. This exposure of sites is probably due to the removal of seminal plasma proteins which cover the entire ejaculated boar spermatozoon (Russell et al., 1983a (Clarke & Yanagimachi, 1978; Tamblyn, 1980; Virtanen, Badley, Paasivuo & Lehto, 1984) . Since PM protein 5-0 has been characterized as an integral plasma membrane protein 
